Background: Obesity has been proposed as a risk factor for pancreatic cancer.
Results:
In all of the participants, a positive association between increasing BMI and risk of pancreatic cancer was observed (adjusted OR for the highest vs lowest BMI quartile, 1.33; 95% CI, 1.12-1.58; P trend Ͻ.001). In men, the adjusted OR for pancreatic cancer for the highest vs lowest quartile of BMI was 1.33 (95% CI, 1.04-1.69; P trend Ͻ.03), and in women it was 1.34 (95% CI, 1.05-1.70; P trend =.01). Increased waist to hip ratio was associated with increased risk of pancreatic cancer in women (adjusted OR for the highest vs lowest quartile, 1.87; 95% CI, 1.31-2.69; P trend =.003) but less so in men.
Conclusions:
These findings provide strong support for a positive association between BMI and pancreatic cancer risk. In addition, centralized fat distribution may increase pancreatic cancer risk, especially in women.
Arch Intern Med. 2010;170 (9) :791-802 P ANCREATIC ADENOCARCInoma is the fourth leading cause of cancer death in the United States 1 and is responsible for about 227 000 deaths per year worldwide. 2 Because of the lack of effective screening tests for pancreatic cancer, it is often diagnosed at an advanced stage, contributing to a 5-year survival rate that is less than 5%. 3 The incidence of pancreatic cancer is higher in men than in women, and in the United States, it is higher in blacks than in whites. 3 Smoking, diabetes mellitus, and a family history of pancreatic cancer are known risk factors, 4,5 but these factors do not account for all the cases of pancreatic cancer.
Obesity and high body mass index (BMI [calculated as weight in kilograms divided by height in meters squared]) have been proposed as additional risk factors for pancreatic cancer. Prospective studies have yielded conflicting results concerning the association between BMI and risk of pancreatic cancer. Most prospective epidemiological studies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have found that a high BMI and a lack of physical activity are associated with an increased risk of pancreatic cancer incidence or mortality, independent of a history of diabetes mellitus. However, several prospective studies have not confirmed a significant role of BMI in pancreatic cancer [16] [17] [18] [19] [20] [21] [22] [23] or have found that effect of BMI varied according to smoking status 24, 25 or sex. 26 The objective of the present study was to examine the association between BMI, other anthropometric factors, and pancreatic cancer risk by pooling data from nested case-control studies included in the National Cancer Institute (NCI) Pancreatic Cancer Cohort Consortium (Pan-Scan). With 2170 cases, this is one of the largest analyses to date of BMI and pancreatic cancer.
METHODS

STUDY POPULATION
PanScan is an initiative that was funded jointly by the NCI's Division of Cancer Control and Population Sciences and the Division of Cancer Epidemiology and Genetics in 2006. Pan-Scan includes investigators from 12 prospective epidemiological cohorts and 1 case-control study and was created to identify genetic markers of susceptibility through a genome-wide association scan and to investigate environmental, lifestyle, and genetic causes of pancreatic cancer.
Studies in the pooled analysis included the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) 29 39, 40 ; the Women's Health Initiative 41 ; and the Women's Health Study. 42 A total of 2170 cases and 2209 controls were eligible for the present study ( Table 1) .
CASE ASCERTAINMENT AND DATA COLLECTION
Cases included all incident primary pancreatic adenocarcinoma (International Classification of Diseases for Oncology, Third Edition, codes C25.0-C25.3 and C25.7-C25.9). Endocrine pancreatic tumors (International Classification of Diseases for Oncology, Third Edition, code C25.4, histologic types 8150, 8151, 8153, 8155, 8240, and 8246) were excluded because the etiology of these cancers is thought to be different from that of exocrine tumors, which account for most pancreatic tumors. Case ascertainment varied among studies but included linking participants to cancer registries and national death indices and self-report and next-of-kin reports. Most cases were histologically confirmed (ATBC, CLUE II, EPIC, New York University Women's Health Study, SMWHS, and the Women's Health Initiative) or were confirmed through cancer registries (ATBC, CPS II, EPIC, and SMWHS), death certificates (CPS II and EPIC), or review of medical records by medical personnel (ATBC; CPS II; EPIC; Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial; and SMWHS).
Controls were incidence density sampled with a 1:1 control to case ratio and were alive and cancer free on the date of diagnosis of the matched case. At a minimum, controls were matched to cases on calendar year of birth (±5 years), sex, race, and ethnicity. Some cohorts used more stringent matching on age and, in addition, on other relevant factors (for comparisons of blood levels of analytes of interest), such as age at baseline or age at blood collection (±5 years), date and time of day of blood collection, fasting blood collection, and length of follow-up (Table 1) .
Data on anthropometric measures, demographics, and possible confounders were collected through self-administered written questionnaires or in-person interviews. Detailed descriptions of data collection methods have been published previously by the individual studies. 29, 30, 32, 33, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] From each study, baseline information on BMI, weight, height, waist circumference, waist to hip ratio (WHR), history of cigarette smoking, sex, age, race, family history of pancreatic cancer, alcohol consumption, pancreatitis, and history of diabetes mellitus was requested. Individual data sets were checked for consistency with previously published results. Forty cases and 46 controls had missing data on BMI, resulting in 2130 cases and 2163 controls available for the main analyses.
The Special Studies Institutional Review Board of the NCI approved the pooled PanScan. Each study also was approved by its local institutional review board.
STATISTICAL ANALYSIS
Odds ratios (ORs) and 95% confidence intervals (95% CIs) for pancreatic cancer risk were calculated using unconditional logistic regression, adjusting for cohort, age (categorical), sex, BMI source (self-reported vs measured), and smoking (never, former, or current) (model 1). Several multivariate models were assessed to control the effects of potential confounders. Model 2 was additionally adjusted for diabetes mellitus history (yes or no). In model 3, cases diagnosed in the first 2 years of follow-up were excluded to address the possibility of an effect of early undiagnosed disease. In model 4, current smokers (at base-line) were excluded, and in model 5, cases diagnosed in the first 2 years of follow-up and current smokers were excluded. Furthermore, models including waist circumference and WHR were additionally adjusted for height to remove extraneous variation due to body size. No adjustment was made for family history of pancreatic cancer because few cohorts had this information. Trend tests were conducted using cohort-specific The association between BMI and time of onset for pancreatic cancer was also examined using logistic regression modeling. Differences in time of onset were examined for normal vs overweight vs obese categories of BMI and in a combined category of overweight and obese. The analyses were conducted using a software program (SAS version 9.1.3; SAS Institute Inc, Cary, North Carolina).
RESULTS
The study included 2170 pancreatic cancer cases and 2209 controls aged 37 to 94 years (Table 1) . Of the 2170 pancreatic cancer cases, 1059 were men and 1111 were women. Cases and controls were similar for age and racial distribution ( Table 2 ). Most participants were white, and 86% of the study population was 60 years or older. Compared with controls, cases had a higher prevalence of current smoking (18% and 25%), diabetes mellitus (7% and 14%), history of pancreatitis (0.4% and 11%), and family history of pancreatic cancer (4% and 6%) based on data from Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CI, confidence interval; OR, odds ratio; PanScan, Pancreatic Cancer Cohort Consortium. a Adjusted for cohort, age (categorical), sex, anthropometric factor source (self-reported or measured), and smoking (never, former, or current). b Adjusted for cohort, age (categorical), sex, anthropometric factor source (self-reported or measured), smoking (never, former, and current), and diabetes mellitus history (no or yes). c Adjusted for cohort, age (categorical), sex, anthropometric factor source (self-reported vs measured), and smoking (never, former, or current) and excluding the first 2 years of follow-up. d Adjusted for cohort, age (categorical), sex, and anthropometric factor source (self-reported or measured) and excluding current and former smokers. e Adjusted for cohort, age (categorical), sex, and anthropometric factor source (self-reported or measured) and excluding the first 2 years of follow-up, current and former smokers, and people with diabetes mellitus. f Statistically significant. g Models for waist circumference and waist to hip ratio were additionally adjusted for height.
cohorts with available information. The average age at pancreatic cancer onset in cases was 68.3 years, and the average lag time between cohort enrollment and diagnosis of pancreatic cancer in cases was 6.3 years. Table 3 describes baseline anthropometric characteristics of cases and controls. Weight, height, and corresponding BMI were self-reported in approximately 50% of participants, measured in 29%, and measured and subsequently adjusted for difference in clothing in approximately 20%. Thirty-six percent of cases and 39% of controls had BMI in the normal range, 41% of cases and 39% of controls were overweight, and 21% of cases and 19% of controls were obese (Table 3 ). Cases had slightly higher mean weight compared with controls (76.8 and 75.5 kg) and a larger mean waist circumference (86.9 and 85.7 cm). Mean WHR and height were similar. Table 4 displays ORs and 95% CIs for pancreatic cancer according to baseline anthropometric factors for all individuals in the study. In all of the participants, a positive association between increasing BMI and risk of pancreatic cancer was observed (adjusted OR for the highest vs lowest BMI quartile, 1.33; 95% CI, 1.12-1.58; P trend Ͻ .001 in model 1). Statistically significant trends of increasing risk of pancreatic cancer with increasing BMI (both quartiles and clinical categories) were observed in all 5 models analyzed.
The figures demonstrate the individual study results (model 1) and pooled risk estimates for overweight (Figure 1 ), obese (Figure 2) , and severely obese individuals (Figure 3 ). Further adjustment for diabetes mellitus history (model 2) resulted in attenuation of risk estimates compared with model 1, but P values for trend were statistically significant for BMI quartiles and categories ( The risk estimates did not change significantly in the sensitivity analysis excluding the Mayo Clinic casecontrol study (data not shown); therefore, we decided to include the Mayo participants in the final analyses. There was no evidence of significant heterogeneity between different cohorts for the BMI-pancreatic cancer results (P heterogeneity = .36). Table 5 and Table 6 provide ORs and 95% CIs for pancreatic cancer in men and women, respectively. In men, the adjusted risk estimate (model 1) for the top vs bottom quartile of BMI was 1.33 (95% CI, 1.04-1.69). Higher risk estimates were observed after the exclusion of current smokers (model 4). In men who never smoked, there was a significant trend of increasing risk with increasing BMI (P trend = .007) with the top vs bottom quartile (OR, 1.51; 95% CI, 1.13-2.03). Height, waist circumference, and WHR ratio were not significantly associated with pancreatic cancer in men ( Table 5 ).
In women, statistically significant trends of increasing risk of pancreatic cancer with increasing BMI were observed overall (model 1) and after the exclusion of cases diagnosed in the first 2 years of follow-up (model 3) or current and former smokers (model 4) (Table 6 ). Compared with normal-weight BMI (model 1), the ORs for pancreatic cancer were 1.31 (95% CI=1.07-1.60) for overweight women and 1.61 (95% CI, 1.12-2.33; P trend =.003) for severely obese women. Increasing waist circumference and WHR were significantly associated with pancreatic cancer risk in women. Compared with the reference group, women in the highest quartile of WHR had an OR of 1.87 (95% CI, 1.31-2.69) after adjustment for cohort, age, BMI source, and smoking status. Inclusion of BMI (categorical) and WHR (quartiles) in the same model suggested that the effect of increasing WHR is stronger (P=.006) compared with that of BMI categories (P=.44) after adjustment for cohort, age, sex, BMI source, smoking, and diabetes mellitus history.
We did not observe clinically meaningful differences in time of onset for pancreatic cancer between normalweight and overweight/obese individuals. Overweight and obese individuals together were diagnosed approximately 4 months earlier than were normal-weight individuals (data not shown). When comparing obese individuals only with normal-weight individuals, obese participants were diagnosed on average approximately 1 year earlier than were normal-weight individuals, and the difference was significant (P = .03).
COMMENT
The results of this large pooled set of studies support the hypothesis that obesity is associated with an increased risk of pancreatic cancer. The present findings are consistent with most previous epidemiological studies that found a positive association between BMI and pancreatic cancer risk 45 and support the conclusion from a recent review panel from the World Cancer Research Fund 45 that the strength of the evidence supporting an association between obesity and pancreatic cancer is convincing.
Previous studies that did not observe a positive association between BMI and pancreatic cancer were often limited by the use of proxy respondents [46] [47] [48] [49] or by inadequate statistical power to examine associations at BMI levels that correspond with obesity (Ͻ10 cases with BMI Ͼ30.0). 7, 10, 17, 50 Controversy regarding the role of smoking in the BMI and pancreatic cancer relationship still remains. Many previous studies 7,47,48,50 that did not observe an association with obesity did not properly control for smoking history. It is possible that residual confounding due to improper adjustment for smoking history may have biased the association between BMI and pancreatic cancer toward the null. When stratifying on smoking status, some previous studies found that the relationship be- tween BMI and pancreatic cancer was strongest in never smokers. 24, 25 The present findings are consistent with previous reports that the association between BMI and pancreatic cancer is stronger in nonsmokers (adjusted OR for BMI Ն30, 1.37; 95% CI, 1.06-1.78) than in smokers (adjusted OR for BMI Ն30, 1.14; 95% CI, 0.91-1.78). Unlike a recent study 51 in which the authors reported that individuals who were overweight or obese from age 20 to 49 years had earlier onset of pancreatic cancer compared with those with normal body weight, we did not find a substantial difference in age at diagnosis between normalweight and the combined group of overweight and obese individuals.
In this study, BMI was assessed between ages 37 and 94 years, and overweight or obese individuals were diagnosed a mean of 4 months earlier than were normalweight individuals. The study by Li et al, 51 using a hospitalbased case-control study design, found that overweight or obese patients aged 20 to 49 years had a median age at pancreatic cancer onset 2 to 6 years earlier than that of normal- Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CI, confidence interval; OR, odds ratio; PanScan, Pancreatic Cancer Cohort Consortium. a Adjusted for cohort, age (categorical), anthropometric factor source (self-reported or measured), and smoking (never, former, or current). b Adjusted for cohort, age (categorical), anthropometric factor source (self-reported or measured), smoking (never, former, or current), and diabetes mellitus history (no or yes). c Adjusted for cohort, age (categorical), anthropometric factor source (self-reported or measured), and smoking (never, former, or current) and excluding the first 2 years of follow-up. d Adjusted for cohort, age (categorical), and anthropometric factor source (self-reported or measured) and excluding current and former smokers. e Adjusted for cohort, age (categorical), and anthropometric factor source (self-reported or measured) and excluding the first 2 years of follow-up, current and former smokers, and people with diabetes mellitus. f Statistically significant. g Models for waist circumference and waist to hip ratio were additionally adjusted for height.
weight patients. However, these differences were based on BMI as recalled from early adulthood and may have been subject to recall bias. Nevertheless, as suggested by Li et al, 51 obesity at younger ages might have a more profound effect on risk and age at onset of pancreatic cancer than would obesity at older ages. There are established biologic pathways to support a relationship between excess body weight and the development of pancreatic cancer. Body fatness has a direct linear relationship with insulin production and is related to the development of insulin resistance. 52 Furthermore, insulin resistance and abnormal glucose metabolism, even in the absence of diabetes mellitus, is associated with pancreatic cancer risk. 8, 53, 54 In vitro studies have also shown that insulin has growth-promoting effects in the pancreas. 55 A hyperinsulinemic state allows increased insulin to pass through the pancreas and trigger mitotic activity. 8, 53, 56 In addition, excess insulin can also downregulate insulinlike growth factor I-binding proteins, which would result in more bioavailable insulinlike growth factor I, which Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CI, confidence interval; OR, odds ratio; PanScan, Pancreatic Cancer Cohort Consortium. a Adjusted for cohort, age (categorical), anthropometric factor source (self-reported or measured), and smoking (never, former, or current). b Adjusted for cohort, age (categorical), anthropometric factor source (self-reported or measured), smoking (never, former, or current), and diabetes mellitus history (no or yes). c Adjusted for cohort, age (categorical), anthropometric factor source (self-reported or measured), and smoking (never, former, or current) and excluding the first 2 years of follow-up. d Adjusted for cohort, age (categorical), and anthropometric factor source (self-reported or measured) and excluding current and former smokers. e Adjusted for cohort, age (categorical), and anthropometric factor source (self-reported or measured) and excluding the first 2 years of follow-up, current and former smokers, and people with diabetes mellitus. f Statistically significant. g Models for waist circumference and waist to hip ratio were additionally adjusted for height.
has been associated with cell proliferation and pancreatic cancer risk. 54, 57 The results of this study also support a specific role of central adiposity in pancreatic cancer risk, especially in women. In addition to general body fatness, there is a direct linear relationship between intra-abdominal fat deposits, insulin production, and the development of insulin resistance. 52 The present study has several strengths, including the very large sample size, the wide range of BMI, and the ability to control for most known or suspected pancreatic cancer risk factors. In addition, the study population was largely a nested sample from various prospective cohort studies so that BMI was measured before pancreatic cancer diagnosis, thus reducing differential reporting of past exposure information. Limitations include the use of some selfreported exposure information; however, adjusting for source of exposure information (self-reported or measured) did not alter the association. Another potential limitation is the wide range of lag periods between BMI measurement (collected at baseline for each cohort) and the date of diagnosis; however, sensitivity analyses examining this lag time by excluding the first 2 years of follow-up did not change the point estimates appreciably, thus arguing against an effect of prediagnostic disease-related changes in anthropometric measures (reverse causation). Participating cohorts had different coding systems for physical activity that were not readily comparable; therefore, we could not assess whether the association between BMI and pancreatic cancer varies by level of physical activity. To address potential residual confounding by smoking, we performed the analyses in never smokers and found a slightly stronger association between BMI and pancreatic risk. Last, only a few cohorts had data available on waist and hip circumference so that there was limited statistical power to examine these relationships.
In summary, the results of this study provide additional evidence that obesity is associated with increased risk of pancreatic cancer. In addition, the association between waist circumference and pancreatic cancer risk, especially in women, suggests a possible association with the distribution of body fat. These findings, along with those from previous studies, strongly support the role of obesity in pancreatic cancer development.
